The elevated arsenic (As) content of groundwater from wells across Bangladesh and several other South Asian countries is estimated to slowly poison at least one hundred million people. The heterogeneous distribution of dissolved arsenic in the subsurface complicates understanding of its release from the sediment matrix into the groundwater, as well as the design of mitigation strategies. Using the tritium-helium ( 3 H/ 3 He) groundwater dating technique, we show that there is a linear correlation between groundwater age at depths <20 m and dissolved As concentration, with an average slope of 19 μgL -1 yr -1 (monitoring wells only). We propose that either the kinetics of As mobilization or the removal of As by groundwater flushing is the mechanism underlying this relationship. In either case, the spatial variability of As concentrations in the top 20 m of the shallow aquifers can to a large extent be attributed to groundwater age controlled by the hydrogeological heterogeneity in the local groundwater flow system.
Introduction
In many parts of the world, groundwater has proved to be a reliable source of drinking water that, unlike surface water, typically is not contaminated with human pathogens. In several South Asian countries, however, a massive switch of rural consumption to untreated groundwater supplied by millions of wells over the past few decades has turned into a disaster. In Bangladesh alone, an estimated 50 million people have been exposed to arsenic (As) levels in drinking water that exceed the WHO guideline of 10 μgL -1 for drinking water by up to two orders of magnitude [BGS and DPHE, 2001; Yu, et al., 2003] .
Several large surveys show that elevated dissolved As concentrations are limited to the upper 100m of the aquifers and that the As distribution is spatially very heterogeneous on scales of meters to kilometers [BGS and DPHE, 2001; van Geen, et al., 2003b] . There are several fundamentally different hypotheses in the literature that attempt to explain the distribution of As in ground waters in Bangladesh, and more than one may prove to be true in the end (see reviews by e.g. [BGS and DPHE, 2001; Harvey, et al., 2006; McArthur, et al., 2004; Smedley and Kinniburgh, 2002] ). There is essentially universal agreement that the As is of natural origin, originally stemming from the source region of the sediments in the Himalayas [BGS and DPHE, 2001; McArthur, et al., 2004] . However, there is less agreement about the mineralogy of the dominant As source in the sediments [BGS and DPHE, 2001; Nickson, et al., 1998; Nickson, et al., 2000] , the biogeochemical processes that mobilize As [BGS and DPHE, 2001; Harvey, et al., 2002; McArthur, et al., 2004; Nickson, et al., 1998; Polizzotto, et al., 2006; Ravenscroft, et al., 2001; Swartz, et al., 2004; van Geen, et al., 2004] and the role of the groundwater flow regime in this process [Aggarwal, et al., 2000; BGS and DPHE, 2001; Harvey, et al., 2006; Klump, et al., 2006; Polizzotto, et al., 2006] . It is also not clear to what extent the distribution of dissolved As is controlled by the recent massive perturbations by irrigation pumping [Aggarwal, et al., 2003; Harvey, et al., 2002; Klump, et al., 2006; McArthur, et al., 2001; van Geen, et al., 2003a] . A better understanding of all these processes is important for evaluating various groundwater management strategies in Bangladesh.
The present study provides new evidence that hydrology is a major factor controlling the spatial distribution of As in aquifers <20 m deep in the dissolved and possibly also the solid phase by documenting a systematic relationship between 3 H/ 3 He derived groundwater ages and dissolved As concentrations. It is important to increase our understanding of these shallow aquifers, many of which with As concentrations <50 μg L -1 [BGS and DPHE, 2001; van Geen, et al., 2003b] , because they are likely to be the first to be affected by natural or anthropogenic changes in the hydrological cycle.
The setting for our study is a 25 km 2 area of Araihazar upazila (90 o 37'E, 23 o 47'N), 30 km east of Dhaka, where for the past 6 years earth, health, and social scientists have engaged in an effort to understand the origins of elevated As in groundwater [van Geen, et al., 2003b; Zheng, et al., 2005] , the health impacts of past exposure to As [Wasserman, et al., 2004] , and mitigation option [van Geen, et al., 2002] .
Methods
The vertical profiles of groundwater and sediment data presented in this study were obtained from 6 well nests located in a range of environments. The monitoring wells were installed within or on the outskirts of two villages with private wells <20 m deep almost exclusively containing As concentrations >50 μg L -1 (Sites B, G), two villages with a mixed distribution of high and low As wells (Sites A, E), and two villages where nearly all shallow wells have low As concentrations (<50 μg L -1 , Sites C, F) (Fig. 1) . The wells range from 5 to 90 meters in depth and were installed in 2000-2001 using the local, reverse circulation, hand-percussion drilling technique [Ali, 2003; Horneman, et al., 2004] . Their locations were chosen on the basis of an extensive survey of 6000 wells [van Geen, et al., 2003b] . Each well nest consists of five to seven PVC pipes with 5 cm inner diameter and 0.9 or 1.5 m long slotted screens. The six sites labeled A, B, C, E, F, and G in Figure 1 were sampled in January 2003 for dissolved As, Fe, 3 H, and dissolved noble gases, using a submersible Rediflo 2 (Grundfos) or a two-stage Geosquirt 12V purger pump (Geotech). An additional set of 18 private tube wells covering a larger area, but located not more than 25 km away from the wells shown in Fig. 1 , were sampled in 1999, 2000, and 2001 . These wells also cover a larger depth range (9 to 40m). Samples were collected by either siphoning water with a tube out of the top of a hand pump, or by using a submersible mechanically operated check valve pump (Waterra) after removal of the hand pump head. Sediment samples were collected at Sites A and B with a split spoon sampler in January 2001 [Zheng, et al., 2005] and in subsequent years using an evacuated needle sampler from Sites E, F, and G [van Geen, et al., 2004] .
Hydraulic heads and river stages were measured manually approximately every two weeks from February 2003 to February 2004, unless extensive flooding prevented visiting the monitoring sites (Fig. 1) . Relative hydraulic heads in multi level wells were measured by inserting tubes into up to 6 wells, and simultaneously lifting water levels to above ground by reducing the air pressure in the tubes with a hand pump [Pickens, et al., 1978] . The average standard error of the relative head differences was ±2mm.
Hydraulic conductivities were determined by slug tests. Wells were pressurized with compressed N 2 and the temporal response of the hydraulic head was measured using submersed pressure transducers with built-in data loggers (Leveloggers, Solinst). For each well, the experiment was repeated 6-12 times with 2-4 different pressures and the hydraulic conductivity was determined by fitting the response curves [Butler and Garnett, 2000; Butler, et al., 2003] . The standard error of the measurements was better than 5%. [Horneman, et al., 2004; Zheng, et al., 2004; Zheng, et al., 2005] , FeII/Fe ratios on the sediments on an HCL leach of the sediments by colorimetry [Horneman, et al., 2004] , and phosphate extractable As concentrations by leaching bulk sediment using Na 2 HPO 4 and subsequent HR ICP-MS analysis [Zheng, et al., 2005] .
He dating technique can be applied to groundwater recharged after the onset of atmospheric testing of nuclear weapons that released radioactive 3 H which peaked in the early 1960's [Ekwurzel, et al., 1994; Poreda, et al., 1988; Schlosser, et al., 1988; Schlosser, et al., 1989; Solomon and Cook, 2000; Tolstikhin and Kamensky, 1969] . Analysis of 3 H in groundwater was performed using either ~ 100 cm 3 of water collected in glass bottles or with ~16 cm 3 of water collected in ~1cm outer diameter soft copper tubes using the 3 He in-growth technique [Bayer, et al., 1989; Clarke, et al., 1976] . He and Ne isotope measurements were performed on ~18cm 3 of water collected in copper tubes and measured by mass spectrometry [Ludin, et al., 1997] . The precision and detection limit of the 3 H data were ±0.1 to 1.0 TU and 0.05 TU, respectively (Table 1 and 2; 1 TU is equivalent to a 3 H/H ratio of 10 -18 ). The analytical precisions of the He and Ne concentrations, as well as the He isotope ratios were typically <±2% (standard error). However, occasionally air inclusion into the sample containers during water collection, as well as gas fractionation caused by degassing, can lead to larger errors, mainly in the absolute concentrations of He and Ne.
Results
Our main focus in the following section is on the monitoring wells, because more high quality data (e.g. sediment data at the same location, no degassing during sampling, etc.) are available for these compared to private tube wells equipped with hand pumps.
River stages and hydraulic heads measured at the six multilevel well sites cover a time period of 13 months (Fig 2) . They show a seasonal pattern with the groundwater levels lagging behind the river stage slightly during the rising and considerably during the falling phase (Fig. 2) . Vertical gradients, determined by dividing the hydraulic head difference of the two shallowest wells at a site by the vertical distance of their screens, respond to abrupt changes in river stages and precipitation events as further discussed below.
Stable isotope data of precipitation (n=7) fall on the Global Meteoric Waterline ('GMWL', δ 2 H = 8* δ 18 O +10‰, [Craig, 1961] ) with the average plotting close to the multi-year annual mean value for Bangkok, the closest, most representative station with a long-term record [IAEA/WMO, 1998 ]. Some groundwaters (n=35) and most surface waters (n=146) plot to the lower right of the curve indicating more or less evaporative enrichment (Fig. 3) . The highest degree of evaporation as measured by the deviation from the Global Meteoric Water Line is shown by the irrigated rice fields (n=10) and other surface waters collected during the dry season (November-March). Groundwater data mostly overlap with the GMWL and surface waters collected during the wet season, and to a lesser extent with surface waters and rice field waters collected during the dry season.
Groundwater As concentrations range from <1 to 520 μg L -1 in the 23 monitoring wells installed in the depth range of 5-19 m (Table 1 , Fig. 4a ) and from 14 to 1371 μg L -1 in the private wells covering a depth range from 9 to 40 m ( Table 2) . At most monitoring well locations, dissolved As concentrations initially increase with depth, then reach a steady value or decrease to a somewhat lower concentration. The increase in As concentrations with depth is quite small at sites C and F where most private wells contain <50 μgL -1 As. Although confined to a small area, this set of depth profiles obtained in Araihazar includes much of the range of dissolved As concentrations in shallow aquifers across Bangladesh [BGS and DPHE, 2001] . Dissolved Fe concentrations increase with depth for site E, initially increase and then decrease at site C, and are fairly constant with depth for sites A, B, and F (Fig. 4c) . Dissolved As and Fe concentrations were also measured in monthly intervals from January to December of 2003 on samples from all monitoring wells by [Dhar, 2006] . Temporal variability during 2003 is small, all As and Fe depth trends shown in Fig. 4a and c remain the same if the average annual concentrations are used instead of the result obtained in January 2003.
Phosphate extractable As is fairly low and uniform at sites F and C, and higher and increasing with depth at sites A and generally increasing but highly variable at site B (Fig. 4d) . The ratio of FeII to total Fe measured on the sediments is fairly constant with depth at sites A, B, and G or increases slightly at sites F, C, and E (Fig. 4e) . Annual averaged vertical hydraulic head gradients are small and downward for all sites, except for site B (Fig. 4f ). Hydraulic conductivity varies by one order of magnitude from 5*10 -5 to 5*10 -4 m/s (Fig. 4g ).
An estimate of the time elapsed since recharge (apparent 3 H/ 3
He age) was obtained by measuring both 3 H and the concentrations of its stable daughter, the noble gas 3 He. For most samples, concentrations of noble gases He and Ne slightly exceeded solubility equilibrium with the atmosphere due to excess air formation [Heaton and Vogel, 1981] . None of the samples contained significant amounts of radiogenic 4 He. Six wells, two at Site A and one at Site G, and three private wells showed significant losses of dissolved noble gases (up to 50 %). No bubbles were observed during sampling. Samples were collected in duplicate and typically their concentrations were reproducible within the uncertainty of the measurement. We therefore conclude that degassing for at least the monitoring wells did not take place during sampling but instead was due to in-situ processes in the aquifer in agreement with findings by Klump et al. [2006] He ages were calculated assuming that degassing took place during recharge, probably caused by gas stripping with CH 4 or CO 2 produced in organic-rich surface sediments [Mookherji, et al., 2003] . Ne concentrations were used to separate tritiogenic 3 He from contributions from solubility equilibrium with the atmosphere and excess air [Schlosser, et al., 1988] . Apparent 3 H/ 3 He ages measured on samples collected from the monitoring wells range from 0 to 32 years (Fig. 4b) . For all monitoring wells <20 m deep where 3 H/ 3 He data were obtained, groundwater ages steadily increased with depth, except for site G. (Table 2) . 3 H/ 3 He ages of the sites with higher As concentrations (A, B; Fig. 4b ) are typically higher than at the sites with lower As concentrations (F, C).
Groundwater dispersion or binary mixing between recently recharged groundwaters containing bomb-produced 3 H and older groundwater free of such inputs can be examined by adding the measured 3 H and tritiogenic 3 He content of a sample [Ekwurzel, et al., 1994; Stute, et al., 1997] . This combined measure of 'stable 3 H' is a conservative tracer, the delivery of which was estimated for Bangladesh [Stute, 2001] and whose propagation in groundwaters can be predicted assuming typical rates of dispersion [Stute, 2001 ]. The 'stable 3 H' content of the majority of groundwater samples is very close to the value predicted from such a simple model calculation (Fig. 5) . However, several data points, representing the deepest wells at sites A, B, C, and E, as well as all samples from Site G and two private tube wells, fall significantly below the predicted tritium curve (Fig  3) . The simplest explanation for these data points is dilution of groundwater of the corresponding 3 H/ 3 He age with up to 90% 3 H-free water recharged before the atmospheric nuclear weapons tests in the 1960s.
Discussion

Recharge and discharge
Our data support the general conceptual model of groundwater flow in Bangladesh [BGS and DPHE, 2001; Ravenscroft, et al., 2005] : At the end of the dry season, river levels rise first and groundwater levels react for the most part with a slight delay (Fig. 2) . The sudden increase in river level at the end of March corresponds to an upward hydraulic head gradient in the shallowest two wells except for site B suggesting that river water enters the aquifer laterally. During the rising flank of the hydrograph, there are brief periods when groundwater leads the river and the shallow vertical hydraulic head points downward likely due to precipitation resulting in recharge. Lateral pressure pulses and vertical recharge can occur at the same time, and cannot always be distinguished using vertical hydraulic gradients alone. During the main part of the wet season (JuneOctober), groundwater and river levels track each other closely with downward flow following major precipitation events. Finally, from October through the dry season, groundwater levels lag river levels considerably with continued downward flow until rivers begin to rise again at the beginning of the wet season. The different time lags between groundwater and river levels during the rising and falling flanks indicate that recharge occurs rapidly over a larger area through bank filtration, flooding and infiltration of rainwater, while discharge occurs at fewer locations, likely into local surface water bodies or by localized evapotranspiration.
Stable isotope data support the picture drawn on the basis of hydraulic data. Precipitation samples fall close to the Global Meteoric Water line, while surface waters show an evaporative signal, especially irrigated rice fields and other surface waters both during the dry season (Fig. 3) . Stable isotope data of the groundwater samples fall on the meteoric water line, or overlap with surface waters mostly during the wet season. The groundwater samples could also be mixtures of directly infiltrating rainwater, mildly evaporated surface waters and smaller contributions of strongly evaporated surface waters including rice fields during the peak of the dry season.
Recharge rates were estimated from the vertical 3 H/ 3 He age gradient for the shallowest 2 samples at each well nest not affected by mixing (Fig. 4b) [Solomon, et al., 1993] . The rates range from ~0.11 m yr -1 at site A, over 0.52 m yr -1 at site F, to 1.1 m yr -1 at Site C, assuming a typical porosity of 0.25 (Table 1) . We cannot estimate a 3 H/ 3 He based recharge rate at sites E and G, because samples are likely influenced by mixing. It is also problematic to calculate a local recharge rate for site B because the annual average vertical hydraulic gradient between the two shallowest wells is pointing upwards (if we take the average gradient of the 3 shallowest wells at this site, the derived recharge rate is 0.08 m yr -1 , but it represents an average over a larger area if compared to the other sites). An independent estimate of the recharge rate can be derived from the hydraulic data. Our slug tests measure a radial hydraulic conductivity, which is likely very close to the horizontal hydraulic conductivity because of the anisotropy (K x (y)/K z ) in fluvial sediments of at least a factor of 10 [Freeze and Cherry, 1979] . The average vertical conductivity was estimated for each site by dividing the average radial conductivity from the slug test measurements by 10 to account for anisotropy. Recharge rates determined from those conductivities and the average vertical hydraulic gradient using Darcy's law range from 0.05 to 0.6 m yr -1 . He age of 5 years at 9 m below ground, which would correspond to a similar recharge rate of ~0.5m yr -1 , again assuming a porosity of 0.25.
Our 10 fold range of recharge rates is likely related to topography (controlling location of recharge and discharge areas), climate and land use (influencing rates of evapotranspiration), the spatial distribution of groundwater pumping for irrigation purposes [Harvey, et al., 2002] , and the spatial variability of the hydraulic conductivity. Our study area is located between the floodplain of the present Meghna River to the east and the uplifted, older Madhupur terrace to the northwest [Goodbred, et al., 2003] . The flat topography of the study area hides appreciable spatial variability in the grain-size of subsurface deposits, typical of floodplain and deltaic environments where the streams conveying sediment to an area frequently change course [Coleman, 1969] . In some portions of the study area, quiescent conditions have resulted in the accumulation of layers of fine-grained clays or silts that overlie coarser sandy aquifers from which groundwater is drawn. In other areas sandy deposits extend to the surface because strong river currents prevented accumulation of fine material [Aziz, et al., in preparation; Weinman, et al., in preparation] . Sediment cores collected with hand augers in areas surrounding the nests of monitoring wells [Aziz, et al., in preparation; Weinman, et al., in preparation] indicate that sandy material extends almost to the surface in areas where the recharge rate is higher, and groundwater therefore is younger (Sites C, F). In contrast, fine silts and clay layers were found to cap those aquifers where recharge is slower (Sites A, B). Concentrations of As are generally lower at the sites with younger groundwater and higher at sites with older groundwater. These findings lead us to propose that local hydraulic conductivity of surface sediments plays an important role in controlling the rate of recharge of shallow aquifers in this region and, consequently, that local surface geology can be an important factor regulating concentrations of As in shallow ground waters [Aziz, et al., in preparation; Weinman, et al., in preparation] .
Groundwater age and dissolved As
For monitoring well samples not affected by mixing with pre-1960 groundwater, the concentration of dissolved As increases approximately linearly with 3 H/ 3
He age (Fig. 6 ). The slope of the regression line is 19.4+1.9 μg L -1 yr -1 (R 2 = 0.83, n= 13; the uncertainty is expressed as standard error of the slope; continuous black line in Fig. 6 ). If samples are treated individually, the ratio of dissolved As and age ranges from 7 to 27 μg L -1 yr -1 for the monitoring wells. All linear fits had intercepts not statistically different from 0 at the 95% confidence level and were forced through the origin. The slope is very similar for sites C and F in comparison to sites A and B, although the recharge rates and As concentrations are very different (see insert in Fig. 6 [Schlosser, et al., 1989; Solomon, et al., 1992] . Despite showing a larger scatter, the private wells follow the same trend as the monitoring wells. While a positive relationship between As and groundwater age has been noted before in a qualitative sense [Aggarwal, et al., 2000; Klump, et al., 2006] , our study quantifies the correlation. In the following we place the relationship between dissolved As and groundwater age in context of the main hypotheses concerning As mobilization that involve the role of the hydrology of the system. We do not discuss here in detail the geochemical process that actually mobilizes As other than to say that there are significant amounts (Fig. 4d ) of easily (phosphate) mobilizable As in the shallow aquifers in Araihazar, conditions are reducing (Fig. 4e) , and As can easily be dissolved when exposed to representative groundwater in the laboratory [van Geen, et al., 2004; Zheng, et al., 2004; Zheng, et al., 2005] .
A possible interpretation of the fairly uniform slope of the As/age relationship is that it reflects an accumulation rate along a flow path. However, previous experiments, conducted either in situ [Harvey, et al., 2002] or in the laboratory using Bangladesh aquifer material [van Geen, et al., 2004] , yielded rates of As release from Bangladesh aquifer material that were up to three orders of magnitude higher because microbial activity was stimulated with the addition of reduced carbon. If our observation is interpreted as a measure of the rate of As release we can estimate how much time is required before the mobilizable fraction of As contained in this shallow Bangladesh aquifer is exhausted. If we assume a constant As accumulation rate in groundwater, the rate at which As is released from the solid phase must be constant as well. Consequently, As is removed at a constant rate, independent of the residence time of the groundwater, at least for residence times less than 40 years. Groundwater cannot accumulate As indefinitely. Ultimately, the concentrations of As will reach a quasi-equilibrium value if allowed to age indefinitely, and removal rates will drop. Further along the flow line, water might flow through sediments with changing biogeochemical conditions (perhaps less reducing, or lower mobilizable As concentrations) that could either lower the water As concentrations or at least lower the rate of release. In our field area, As concentrations in the monitoring wells drop to lower values below 20m, but these samples do not contain 3 H and therefore do not allow us to extend the time scale of our study to groundwater below this depth.
A simple calculation indicates that such a rate of As release can be sustained in the shallowest portion of the Holocene aquifer over much of its age. Phosphate and acid extractions applied to Holocene sediments associated with elevated As concentrations in groundwater yield an average value of ~1.5 mg kg -1 for the concentration of mobilizable As and ~3 mg kg -1 for bulk As [Zheng, et al., 2005] . In a closed system, the concentration of As in groundwater corresponding to a release of 1.5 mg kg -1 from the solid phase is equivalent to an As concentration of 11,250 μg L -1 , assuming a porosity of 0.25 and a density of the solid phase of 2.5 kg L -1 [BGS and DPHE, 2001] . If the As mobilization rate of ~ 20 μg L -1 yr -1 were constant over centuries, the mobilizable pool of sedimentary As in the shallow aquifer near the recharge area would be removed in ~600 years. Looking back in time, assuming that the mobilization rate was constant over time and that initial bulk As concentrations were about 5 mg kg -1 [Chowdhury, et al., 2003 ] to 10 mg kg -1 , it would have taken as much as 750 to 1500 years for the As to reach today's level of 3 mg kg -1 , which is lower but of the same order of magnitude as the age of the shallowest (< 20 m) Holocene sediments (<6000 years for depths less than 20 m [Goodbred, et al., 2003 ], <4600 years for depths less than 29 m [Zheng, et al., 2005] ) .
Another possible explanation is based on the relationship between dissolved As concentrations and easily (phosphate) mobilizable sedimentary As concentrations (Figs.  4a, d) . Assuming that the mobilization occurs fast relative to the groundwater residence time, lower dissolved As concentrations may be related to lower sedimentary As concentrations, which in turn are lower because at sites with lower residence times, more As has been lost by flushing into nearby streams over time. Gradual flushing of As out of an aquifer along various flowpaths could also produce the observed broad relationship between As concentration and groundwater age.
It has been hypothesized that dissolved organic matter drawn into aquifers by groundwater extraction during the past 2 decades might contribute to high As levels [Harvey, et al., 2002] . This would seem to suggest that younger water would be associated with higher As levels, which is contrary to what was found here. We find that younger groundwater is lower in As and that site F, which is most affected by irrigation according to high frequency hydraulic head measurements and irrigation well counts (not shown), has in fact the lowest average As concentration. Although the number of wells has increased exponentially in the area [van Geen, et al., 2002] , groundwater in the top 15 m at site F would have been recharged in the past 5 years, while considerable irrigation would have taken place in the area. The average age of the groundwater with the highest dissolved As levels at site A, and B is likely significant higher than the apparent 3 H/ 3 He age because of mixing (Fig. 5) . But even if taken at face value, groundwater of the deepest levels recharged not after 1972 (A) and 1980 (B) when irrigation was much less prevalent in the region [BGS and DPHE, 2001] .
Increased irrigation could, instead, decrease dissolved As concentrations due to export of dissolved As by enhanced flushing of the aquifer [McArthur, et al., 2004] and perhaps by lowering dissolved As concentrations as consequence of a constant release rate, but increased water flux due to irrigation. This notion is supported by the observation that As concentrations measured in irrigation wells are lower than in nearby monitoring wells [Harvey, et al., 2003; Klump, et al., 2006] . At least a simple scenario in which the vertical As profiles at site F, C, A, B, and the private hand pumps are interpreted as mixing curves between old, high As, and young, low As, groundwater, is not consistent with the fact that the 3 H/ 3 He data for the most part plot so closely to the 3 H input curve (Fig. 5) .
The analogy between the bell shaped depth distribution of dissolved As in Bangladesh and that of the shape of contamination plumes at hazardous waste sites and the presence of high As minerals near the water table [Breit, et al., 2004] led to the idea that these minerals are the source and that the As is spread by advective and dispersive transport in the subsurface [Polizzotto, et al., 2006; Polizzotto, et al., 2005] . However, under this scenario we would expect similar As concentrations for a wide range of ages or at least some very young groundwater samples with elevated As concentrations. We might even expect an inverse relationship between dissolved As and groundwater age due to increased dispersive mixing along flow lines. All these predictions are not consistent with our finding of an increase of As concentrations with groundwater age (Fig. 6 ).
Our main conclusion is that dissolved As concentrations are closely related to groundwater age on a time scale of ~30 years in our study area. Consequently, the groundwater flow regime controls much of the spatial variability of dissolved As concentrations in shallow aquifers in Araihazar. Although we are still uncertain about the underlying mechanism, the most likely scenarios are that As release kinetics control this relationship or that residence times control As removal in the aquifers. The other implication of our observations is that, under either scenario, increased pumping would result in a reduction of dissolved As concentrations over time if increased irrigation does not affect the geochemistry of As mobilization. Only detailed studies of processes along flowpaths in Bangladesh and elsewhere will ultimately resolve such questions. Figure 1 Study site in Araihazar Upazila, Bangladesh. The background is an IKONOS satellite image from November 2002 that was processed to emphasize the presence of water from the reflectance in the IR band (darker shades of gray). Green and red circles indicate locations and As concentrations of tube wells less than 20m deep [van Geen, et al., 2003b] . The insert shows the field area location on a map of Bangladesh. The locations of sampled private wells cover a larger area and are not shown in this figure. Pink triangles and blue circles mark the stable isotope collection sites of rice field and other surface water samples. The white star marks the location of the river stage gauge.
Figures
Figure 2
Hydraulic data for the 6 multilevel well sites. The river stage was measured off a bridge upstream of site A (Fig. 1) . Precipitation data are from Dhaka (station Dhaka-7) and are plotted as 7-day running means [Bangladesh_Meteorological_Department, 2006] . The red (a) and green (b) curves show the hydraulic head of the shallowest wells at site A and F, and the purple curves indicate the vertical hydraulic gradient based on the shallowest two wells at the multi level well nests. Positive and negative values indicate upward and downward flow, respectively. Error bars are standard errors of means. 3 He age of one sample (C1) was negative, but not statistically different from 0, and therefore was set to 0. He and As data from private tube wells in the region. The 3 H/ 3 He age of one sample (GB 52) was negative, but not statistically different from 0 and was set to 0. 
